Background. Chemokines are involved in the recruitment of leukocytes to vascularized allografts. CCR1 is a receptor for various proinflammatory chemokines and CCR1 blockade reduces renal allograft injury in rabbits. The purpose of the study was to characterize CCR1-positive cells in human renal allografts. Methods. Formalin-fixed, paraffin-embedded allograft nephrectomies (n ¼ 9) and non-involved parts of tumour nephrectomies (n ¼ 10) were studied. Immunohistochemistry for CCR1, CD3 and CD68 was performed on consecutive sections. Double immunofluorescence for CCR1 and CD3, CD20, CD68, DC-SIGN and S100 was used on selected cases. Expression of CCR1 mRNA and the ligands CCL3 and CCL5 was studied in renal allograft biopsies with acute rejection (n ¼ 10), with chronic allograft nephropathy (n ¼ 8) and controls (n ¼ 8).
Introduction
In a complex cascade of interactions between soluble cytokines, chemokines, adhesion molecules and the corresponding receptors, leukocytes are guided towards sites of inflammation [1, 2] . In this process, chemokines trigger the firm adhesion of leukocytes via activation of integrins, as well as the directed migration after extravasation [3, 4] . The role of chemokine biology in the recruitment of inflammatory cells into the kidney and particularly in renal allografts has been a major area of study [5] [6] [7] . Genetic variations in these genes can impact allograft survival, and chemokines and their receptors represent promising therapeutic targets [5, 8] .
The chemokine receptor CCR1 shares ligands with CCR5 (e.g. CCL5, CCL3) and binds further inflammatory chemokines including CCL7, CCL14-16 and CCL23 [9] . CCR1 is expressed by monocytes/macrophages ($87% of the peripheral blood), natural killer cells, a minor population of T cells, and bone marrow stromal cells and increases in allograft recipients in peripheral blood before rejection [10] [11] [12] . The chemokine receptors CCR1 and CCR5 demonstrated a differential impact on macrophage recruitment in vitro [11] . Whereas CCR1 mediated firm adhesion, leucocyte spreading was found to be dependent on CCR5 [11] .
In models of progressive renal failure (e.g. Alport disease of collagen 4A3-/-mice, lupus nephritis of MRLlpr/lpr mice), a blockade of CCR1 by a small molecule, non-peptide, CCR1 antagonist (BX-471) demonstrated significant therapeutic impact [13] . Treatment with BX-471 led to a reduction in interstitial infiltrates, and reduced tubular injury and fibrosis [13] . In a heterotopic heart allograft model, treatment with Met-RANTES (a partial CCR1 and CCR5 antagonist) significantly reduced intimal thickening, and markedly decreased the infiltration of T lymphocytes and monocytes/macrophages into transplanted hearts [14] . Met-RANTES also prevented chronic renal allograft injury in rats [14, 15] and the CCR1 antagonist BX-471 prolonged survival and preserved renal allograft integrity in a rabbit allograft model [16] . Therefore, CCR1 represents one important chemokine based target in renal allograft rejection.
During human renal allograft rejection and chronic allograft nephropathy, T cells and macrophages infiltrate different renal compartments, e.g. the tubulointerstitium and renal arteries [17] . To date, the distribution of the chemokine receptors CXCR3, CXCR4, CX3CR1 and CCR5 have been characterized in human renal allograft rejection. The receptors are expressed by T cells infiltrating the tubular epithelium (tubulitis, a hallmark of interstitial rejection) and the subendothelial area during vascular rejection [18] . CCR2 and CX3CR1 were found on infiltrating macrophages [18, 19] . CCR1 mRNA was found to be expressed in renal allograft nephrectomies [19] . The only study so far, which localized CCR1 in cryosections of human renal allograft biopsies described an increased number of CCR1-positive cells in glomeruli during rejection, correlating with the number of macrophages [20] .
The current study was performed to better characterize the CCR1-positive cell populations in renal allografts using real-time RT-PCR, single colour immunohistochemistry and multiple colour immunofluorescence.
Subjects and methods

Study population
Included were consecutive sections from renal allograft nephrectomies (n ¼ 9), and non-involved areas of tumour nephrectomies (n ¼ 10). A nephrectomy from a patient with severe interstitial inflammation due to obstructive uropathy and human tonsils were used to establish the antibodies as well as single and double-labelling techniques. No clinical information was available for the nephrectomy specimens as the approval of the University of Washington internal review board for human subjects prescribes that no patient identifiers may be linked to studies involving nephrectomy specimens. We were restricted to nephrectomy specimens as the anti-CCR1 antibody used resulted in a reliable staining pattern in nephrectomy tissue but not in biopsies, most likely due to differences in the fixation.
Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded materials similar to that described previously [21] . Sections were dewaxed in xylene and rehydrated in a graded series of ethanol. Incubation with 3% H 2 O 2 blocked endogenous peroxidases and the Avidin/Biotin blocking Kit (Vector, Burlingame, CA) was used to block endogenous biotin. Antigen retrieval was performed in an autoclave oven in antigen retrieval solution (Vector). Incubation with the polyclonal antiserum was performed overnight in 10% non-fat dry milk. The biotinylated secondary antibodies (Vector), and the ABC reagent (Vector) were applied for 30 min each. 3 0 3 0 Diaminobenzidine (DAB, Sigma, Taufkirchen, Germany) with metal enhancement (resulting in a black colour product) served as the detection system.
The antihuman CCR1 antibody used is a polyclonal goat serum raised against a C-terminal CCR1 peptide. The antiserum has previously been used in FACS analysis [22, 23] and in immunohistochemistry on frozen tissue [24] . As negative controls we used non-immune goat serum and pre-incubation with the peptide used for immunization, which both demonstrated an absence of black colour product.
To characterize the CCR1-positive cell types, antibodies against CD68 (Clone PG-M1, DAKO Germany, Hamburg), CD3 (clone: CD3-12, rat anti-human, Serotec, Oxford, UK) were used on consecutive sections or against CD68, CD20 (clone L26, DakoCytomation, Dako), CD34 (Accurate clone QBEND/10, ACCURATE CHEMICAL & SCIENTIFIC CORPORATION; NY; USA), DC-SIGN (clone DCN46, BD Pharmingen), S-100 (polyclonal rabbit, DAKO Cytomation) in double-labelling immunofluorescence on human tonsils and selected transplant nephrectomies.
Establishment of the CCR1 staining
The polyclonal antiserum against CCR1 resulted in a reliable staining pattern after a heat-based antigen retrieval, and overnight incubation of the slides and a three-step amplification protocol (Figure 1 ). Negative controls in the form of non-immune goat serum ( Figure 1C and D) , and preabsorption of the antibody with the peptide used for immunization resulted in the absence of positive staining signal ( Figure 1E and F) . In the tonsil a perifollicular cell population was CCR1-positive ( Figure 1A) , as well as a population of large intrafollicular cells.
Immunofluorescence
Double immunofluorescence for CCR1 and CD3, CD20, CD34, CD68, smooth muscle actin, DC-SIGN and S100 was performed on human tonsils, and selected transplant nephrectomies as previously described [25] . In brief, after antigen retrieval, slides were incubated with the CCR1 antiserum over night. This was followed by an exposure to a biotinylated anti-goat antibody (Santa Cruz) and incubation with FITC-labelled strepavidin. This was followed by another series of incubations using directly labeled secondary antibodies.
Real-time RT-PCR
The real-time RT-PCR experiments were performed as described [26] [27] [28] [29] and quantification of the templates was carried out according to the standard curve method. Therefore, serial dilutions of standard cDNA from a human nephrectomy were included in all PCR runs and served as standard curve. This method minimizes the influence of inter-assay and inter-run variability [30] . All measurements were performed in duplicate. Controls consisting of bidistilled H2O were negative in all runs. The renal biopsies were obtained from a multicentre renal biopsy bank (ERCB, the European Renal cDNA Bank). Informed consent was obtained before renal biopsies were performed.
Microdissected tubulointerstitial compartments from allograft biopsies with acute rejection (AR; n ¼ 10), and chronic allograft nephropathy (CAN; n ¼ 8) were analysed ( Table 1) . For control biopsies, renal tubulointerstial tissue was derived from pre-transplantation kidney biopsies (Pre Tx; n ¼ 8) during cold ischaemia time from living (n ¼ 4) and cadaveric donors (n ¼ 4).
Real-time RT-PCR was performed on a TaqMan ABI 7700 Sequence Detection System (Applied Biosystems, Darmstadt, Germany) using heat activated TaqDNA polymerase (Amplitaq Gold, Applied Biosystems, Darmstadt, Germany).
Commercially available pre-developed TaqMan reagents were used for the target gene CCR1, CCL5/RANTES and CCL3/MIP-1a (all from Applied Biosystems), and three endogenous control genes (18S rRNA, cyclophilin A, GAPDH; Applied Biosystems). The primers and probes for CCR1, cyclophilin A and GAPDH are cDNA-specific, whereas the assay for 18S rRNA may detect contaminating genomic DNA. The normalization of CCR1 to any of the three reference genes (housekeeper genes) gave comparable results. The data shown in the text and figures are normalized to 18S rRNA. The biopsy samples used for the mRNA analysis were from a different cohort than the allograft nephrectomy specimens.
Statistical analyses
The statistical analysis was performed using InStat Õ software (Version 3.05 for Windows, Intuitive Software for Science, San Diego, CA). For the comparison of means, the non-parametric Dunn's multiple comparisons test, and Spearman Rank Correalation was used for the correlations between expression data. P < 0.05 was considered to be statistically significant. Statistical analysis was only performed for the mRNA study, not for the immunohistochemical analysis.
Results
CD68 and CCR1 expression in tumour nephrectomies
Ten specimens from tumour nephrectomies were included in this study. The non-involved parts from tumour nephrectomies demonstrated well-preserved renal tissue in eight specimens and prominent interstitial inflammation in two cases. Most of the wellpreserved specimens contained only small, focal accumulations of leukocytes, commonly present in nephrectomy specimens. The two nephrectomy specimens with severe interstitial inflammation showed nodular glomerular lesions consistent with diabetic nephropathy (not evaluated as 'normal' controls). These controls were chosen to allow comparison with other nephrectomy tissue; also, interpretation as 'normal' renal tissue is problematic.
Scattered round circulating CD68-positive cells were present in glomerular capillaries as well as in interstitial vessels in well-preserved renal tissue (Figure 2A and B) . In normal glomeruli, the number of CD68-positive cells was low and these cells were predominantly circulating, round CD68-positive monocytes within capillaries. Spindle-shaped CD68-positive cells were present between tubuli and at sites of focal, interstitial leukocyte accumulations ( Figure 2C ).
CCR1 was found to be mainly expressed by scattered round, circulating cells within glomerular and peritubular capillaries, as well as in larger vessels in well-preserved renal tissue (Figure 3 ). These cells were CD68-positive on consecutive slides, and therefore corresponded to the CD68-positive cells described earlier ( Figure 3A , B, D and E). CCR1-positive cells were rarely found in the tubulointerstitium, even in areas of focal interstitial infiltrates in tumour nephrectomies. Particularly, spindle-shaped CD68-positive cells did not demonstrate CCR1 staining.
In summary, in well-preserved renal tissue CCR1 expression was found on circulating inflammatory cells (consistent with CD68-positive monocytes), but rarely within focal infiltrates, and not on tubular epithelial cells, or intrinsic glomerular cells.
CD68 and CCR1 expression in allograft nephrectomies
Nine specimens from allograft nephrectomies were used in this study. A wide range of lesions was detectable in these specimens. Five specimens showed severe interstitial rejection. One specimen demonstrated vascular rejection in addition to signs of interstitial rejection. In one specimen signs of chronic allograft nephropathy with glomerulopathy, allograft vasculopathy, interstitial fibrosis and tubular atrophy were present. One specimen demonstrated partial necrosis and interstitial bleeding. One specimen was well preserved with focal interstitial inflammation.
A prominent accumulation of CD68-positive spindle-shaped cells was present within the tubulointerstitium, at times, as multiple layers of cells ( Figure 2D ). In glomeruli, the number of CD68-positive cells increased as compared with tumour nephrectomies, both as round as well as spindleshaped cells ( Figure 2D ). In areas of nodular leukocyte accumulations, scattered CD68-positive cells were detectable with multiple cell processes ( Figure 2E ). An additional CD68-positive cell population was found within tubular lumina, and at times, in Bowman's spaces. These cells were large, round, without processes and were strongly positive for CD68 ( Figure 2F ). These cells were found in seven of the nine allograft nephrectomy specimens.
CCR1 expression was also found on circulating cells in arteries, veins, peritubular and glomerular capillaries in allograft nephrectomies, as described for wellpreserved renal tissue. CCR1-positive infiltrating cells were present in glomeruli ( Figure 4A ), consistent with some of the CD68-positive cells ( Figure 4B ). Most of the prominent spindle-shaped, CD68-positive interstitial cells were negative for CCR1 staining ( Figure 4F and G). Scattered CCR1-positive cells were found in the tubulointerstitium. These CCR1-positive cells were mostly negative for CD68 staining either on consecutive sections or by double immunofluorescence (Figure 5A-C) . Some of the CCR1-positive interstitial cells were identified as CD20-positive B cells ( Figure 5J and K). The number of CCR1/CD20 double-positive cells was small as compared with the overall number of CD20 single-positive cells ( Figure 5J ).
An additional subpopulation of the CCR1-positive interstitial cells also stained for DC-SIGN ( Figure 5G-I) . No CCR1 and S100 double-positive cells were detectable. None of the CCR1-positive cells expressed smooth muscle antigen (a marker of myofibroblasts), CD34 (an endothelial marker) or CD3 (a T-cell marker).
A considerable number of round CCR1-positive cells were found at times within Bowman's capsule, and more commonly in tubular lumina ( Figure 5D-F) . These cells corresponded to the CD68-positive cells described earlier on consecutive tissue sections ( Figure 4D-G) or by double immunofluorescence (Figure 5D-F) .
In arteriosclerotic lesions of large arteries, CD68-positive macrophages with foam cell appearance were positive for CCR1 ( Figure 4H and I) . No CCR1 expression was detectable on tubular epithelial cells and intrinsic glomerular cells in renal allografts.
In summary, in renal allografts circulating monocytes, infiltrating CD68-positive cells in glomeruli, within tubular lumina, in arteriosclerotic lesions, as well as some interstitial CD20-or DC-SIGN-positive cells expressed CCR1. No CCR1 expression was found on the majority of spindle-shaped interstitial CD68-positive cells.
Expression of CCR1 mRNA and the ligands CCL5/RANTES and CCL3/MIP-1a in renal allograft biopsies
To quantify the expression of CCR1 and the corresponding ligands in renal biopsies, real-time RT-PCR was used. Biopsies were from a multicentre renal biopsy bank (ERCB), and the available clinical information on these specimens was summarized in Table 1 . The mRNA expression was quantified in microdissected tubulointerstitial compartments of renal allograft biopsies with acute cellular rejection (AR), chronic allograft nephropathy (CAN), as well as pre-transplant biopsies (from living and cadaveric donors) as controls. A significant increase in CCR1 mRNA expression was present in acute allograft rejection, as compared with controls (P < 0.001), as well as in biopsies with CAN (P < 0.05, Figure 6 , lower graph). Correspondingly, significantly higher levels were found for the ligands CCL3/MIP-1a ( Figure 6 , upper graph) and CCL5/ RANTES ( Figure 6 , middle graph). Additionally, significant correlations between CCR1 mRNA expression and the ligands were found both for CCL3/MIP-1a ( Figure 7 , upper graph) and CCL5/RANTES (Figure 7 , middle graph). Finally, a correlation between CCR1 mRNA and serum creatinine at the time of biopsy was present ( Figure 7 , lower graph).
Discussion
CCR1 is important for early steps of leukocyte recruitment in vitro and might therefore be of particular interest as potential therapeutic target in allograft rejection. In contrast to the detailed animal studies on CCR1 very little is currently known about the expression and distribution of CCR1 in human renal allografts. In this study, we describe an increased expression of CCR1 during allograft injury which was localized to the following distinct cell populations, which will be discussed in detail:
Circulating CD68-positive monocytes, whereas the majority of interstitial CD68-positive cells were CCR1 negative. Only in specific microenvironments were CD68-positive cells CCR1-positive, i.e. in glomeruli and in arteriosclerotic lesions. Scattered CCR1-positive interstitial cells, which were identified as CD20-positive B cells and a What is known about the role of CCR1 in allograft rejection and renal inflammation? The first evidence of a potential impact of CCR1 blockade came from a mouse heart allograft model [31] . Deficiency of CCR1 prolonged allograft survival and prevented chronic allograft rejection [31] . Met-RANTES, a CCR1 and CCR5 antagonist, also prevented chronic heart allograft rejection in a mouse model [14] . The substance BX-471, a non-peptide CCR1 antagonist, was extensively studied in models of renal inflammation [13] and in renal allograft transplantation [16, 32] . BX-471 decreased macrophage recruitment and interstitial fibrosis in unilateral ureter ligation [33, 34] , in adriamycin nephropathy [35] , in a mouse model of lupus nephritis [36] and in a model of Alport's syndrome [37] . In a rabbit renal allograft model, the survival was increased by BX-471 [16] . In a rat renal allograft model, BX-471 reduced inflammatory cell recruitment and improved chronic renal allograft nephropathy [38] . BX-471 has been used in a phase 1 trial for multiple sclerosis [39] . As CCR1 antagonists become available for the treatment of human diseases, it is important to evaluate the CCR1-positive cell types in human diseases and allograft rejection. Using real-time RT-PCR Dalton and colleagues studied chemokine receptor expression in peripheral blood from renal allograft recipients and demonstrated an increased expression of CCR1 in peripheral blood from patients with acute allograft rejection [10] . In human renal allografts, CCR1 mRNA was found to be expressed and CCR1 protein was localized to glomerular macrophages [19, 20] . The current study we aimed to give a more detailed description of CCR1-positive cells in renal allografts.
The first population of CCR1-positive cells to be discussed were circulating cells in various renal vascular beds (e.g. glomerular and peritubular capillaries, in arterial and venous lumina). These cells were more commonly found in allografts as compared with tumour nephrectomies and demonstrated a colocalization with CD68-, but not with CD3-positive cells. Therefore, circulating monocytes were commonly CCR1-positive. Using FACS analysis CCR1-positive cells have been studied in peripheral blood of healthy subjects. The numbers vary remarkably. In CD14-positive monocytes, CCR1 expression in controls was described to be between 33 and 90% [40] . In T cells, the percentage was lower with up to 18% [40] . Down-regulation of CCR1 in macrophages has been described under various pathological conditions in peripheral blood, as well as during extravasation, whereas in vitro monocytes did not lose CCR1 expression during maturation [41] . Previously, a hierarchy was described in the use of chemokine receptors CCR1 and CCR5 during the recruitment of monocytes/macrophages under flow conditions in vitro [11] . CCR1 mediated cell arrest, whereas spreading was CCR5 dependent [11] . Our results are consistent with this model and also with data on CCR1 expression on peripheral blood monocytes and monocytes/ macrophages extracted from synovial fluid [12] . Whereas almost all blood monocytes (87%) expressed CCR1, monocytes/macrophages extracted from synovial fluid demonstrated CCR1 expression in only 17% [12] .
It is important to note that a loss of CCR1 expression was not true for all renal compartments as CD68-positive cells infiltrating glomeruli and CD68-positive foam cells in arterial walls demonstrated CCR1 expression. Ruster et al. [20] localized CCR1 to glomerular macrophages in frozen sections from allograft biopsies. This suggests that monocytes/ macrophages differ in their CCR1 expression depending on the renal microcompartments they enter. The glomerular tuft represents a compartment where inflammatory cells do not penetrate a basement membrane during the extravasation process. This might explain some differences in the composition of the inflammatory cell subsets in this tissue microenvironment. Differences between macrophage populations in different renal compartments have been described during nephrotoxic nephritis in mice [42] . Whereas interstitial macrophages expressed CD68, CD11b and F4/80, only a minority of glomerular macrophages were F4/80 positive [42] .
Macrophages can have pro-as well as anti-inflammatory properties, but the chemokine receptor profile of these cell types in renal inflammation are currently not well defined [43] . Another hypothesis could be that a population of interstitial macrophages (primarily CCR1 negative) might increase in number via proliferation. In this case, it would be likely that the interstitium would harbor a mixture of CCR1/CD68-positive cells (recruited) and CCR1-negative macrophages (after local) proliferation, which was not present in our study. Therefore, we favour the hypothesis of CCR1 down-regulation.
Also, previous studies have identified a small population of T cells to express CCR1 and react to CCR1 ligands, we were unable to identify CCR1-positive T cells in renal allografts. As only a minor population of CCR1-positive T cells has been described in peripheral blood, the overall number might be small [44] . The data is consistent with the results by Ruster et al. [20] who did not identify a CCR1-positive T-cell population in renal allografts. Another explanation for the absence for CCR1-positive T cells might be that the expression level is to low to detect it by immunohistochemistry. T cells predominantly infiltrate the tubulointerstitium, a down-regulation of CCR1 as suggested in macrophages might therefore also take place in T cells.
We also identified a small population of relatively large interstitial CCR1-positive infiltrating cells, which surprisingly were mainly CD68-negative (as shown by double-labelling and staining of consecutive sections). Some of these CCR1-positive cells were identified as B cells by the marker CD20. CCR1 expression has been previously described in cultured B cells from tonsils, preferentially in non-germinal centre (i.e. naive and memory) B cells, whereas CCR1 was absent on germinal center B cells [45] . In the study here, only a small subpopulation of CD20-positive infiltrating B cells was found to be CCR1-positive. The potential role of CCR1 on some B cells remains speculative at present and may relate to the organization of lymphoid-like aggregates [46] . These B cell containing lymphoid-like aggregates in renal allografts were associated with allograft loss in a pediatric population [47] .
Immature dendritic cells are also thought to express CCR1 [48] . Little is currently known about dendritic cells or markers of dendritic cells in human kidney diseases or human renal allografts. DCs generated from monocytes in vitro demonstrated CCR1 expression in 10% [49] . Double-labelling studies for DC-SIGN, a marker of immature DCs, identified only a few DC-SIGN-positive cells that also expressed CCR1. No CCR1 expression was found on S100-positive cells, as a marker of more differentiated DCs. Also the absence of CCR1 on differentiated DCs follows the general hypothesis that DCs loose the expression of inflammatory chemokine receptors during differentiation, the number of CCR1-positive immature DCs was low.
An unusual type of cell found to express CCR1 were large, round cells present in tubular lumina and in Bowman's spaces. The source of these cells is not clear. A similar cell population was described in focalsegmental glomerulosclerosis and crescentic glomerulonephritis and was thought to be derived from podocytes. The cells show increased CD68 expression and decreased podocyte markers (such as WT-1) and are shed into the urine [50] . A glomerular source of these CD68-positive cells is suggested by their presence in Bowman's space. Rather than postulating a podocyte origin for them, which would require a total change of phenotype, the possibility has to be considered that they may be CCR1/CD68-positive monocytes/macrophages that have extravasated through the glomerulus.
An increased expression of the CCR1 ligands CCL3/ MIP-1a and CCL5/RANTES was found in renal biopsies with acute rejection, but also to a lesser extent in biopsies with chronic allograft rejection. These chemokines have previously been demonstrated during acute rejection both in animal models [51] as well as in human allograft nephrectomies [19] . This is the first study in which a significant correlation between CCR1 and corresponding ligands was demonstrated, particularly for CCL3/MIP-1a. The increased expression of CCR1 and the ligands during CAN is particularly interesting as the treatment with Met-RANTES prevented chronic renal allograft injury in rats [14, 15] . These results were found on a relatively small number of patients and should be confirmed in a larger cohort of biopsies.
In summary, CCR1 mRNA expression increases in renal allograft injury, which correlates with the expression of the corresponding chemokine ligands and serum creatinine. We identified distinct populations of inflammatory cells within renal allografts to be CCR1-positive. These include circulating monocytes, CD68-positive cells within glomeruli and in arteriosclerotic lesions, some CD20-positive B cells and some immature dendritic cells. On the other hand the majority of infiltrating CD68-positive spindle-shaped cells did not express CCR1 indicating down-regulation of the receptor in these cells. This study further supports that CCR1 might be a target in human renal allograft injury.
